We present the 3D inversion results of gravity gradiometry data over iron ore deposits in Minas Gerais, Brazil. The host formation for the iron ore is largely the Cauê Itabirite, along with the overlying Gandalera Formation and, to a lesser degree, the underlying Batatal. Consequently, the iron ore bodies have a distinctly high density contrast and produce well defined anomalies in airborne gravity gradiometry data. We have carried out a preliminary study to apply a 3D inversion to a 20-km 2 subarea of data from a larger survey to demonstrate the utility of such an algorithm both in delineatng the ore deposit and in estimating the reserves. We focus on three components of the data (T zz , T xz , and T yz ). The commonly discussed T zz component is sufficient to produce geologically reasonable and interpretable results, while including the two horizontal components increases the resolution of the recovered density model and improves the ore delineation.
INTRODUCTION
Gravity has been used in mineral exploration since the early 1900's due to its ability to delineate highly dense geologic features from the surrounding host rock. With the reappearance of gravity gradiometry and its commercial application to mineral exploration, the use of gravity gradiometry is advancing the state of art of gravity exploration to a new stage with several noticeable advantages. The airborne gravity gradiometry acquistion system has the capability to collect data over large areas in a relatively short timeframe compared to regular gravimeter measurements. In addition, measuring multicomponent gradients of gravity provides more information about the shape and location of source bodies.
Given the spatially extensive coverage that gravity gradiometry data have, it is natural to explore the feasibility of using 3D inversion to aid in the exploration of large areas. Furthermore, given the dense distribution and increased information provided by multicomponent data, we expect improved constraints on the geometry of the orebodies from 3D inversion. This prompts the prospect of ore delineation and reserve estimation.
Within this context, we have applied a 3D inversion algorithm (Li, 2001 ) to a set of airborne gravity gradiometry data from the Quadrilátero Ferrífero region in the state of Minas Geris, Brazil. The shallow depth of iron deposits in the Quadrilátero Ferrífero region provides an ideal setting for studying the application of airborne gradiometry data and associated interpretation via 3D inversions.
In addition, the local and regional geology of the area have been extensively studied since the mid 1900's, with gold and iron being two major resources produced from the region (Dorr, 1969) . The focus of the present work is over an iron mine where the ore deposits are generally well understood, providing the opportunity for comparing geophysical inversion results with known geology.
BACKGROUND Geology
Figure 1: Geologic map of the Quadrilátero Ferrífero, with solid black lines indicating where the Minas Series is present; modified from (Dorr, 1965) .
The Quadrilátero Ferrífero, or 'Iron Quadrangle', covers approximately 7,000 square kilometers in the state of Minas Gerais, Brazil. The area has rugged terrain with canyons, plateaus, and valleys composing the landscape. The climate is semitropical with an average annual rainfall of nearly 250 cm. The iron ore bodies are generally shallow and can range from 25 to 150 m below the surface. The ore deposits follow the structure of the host formation and are generally tabular and dipping southeast with an approximate dip of 25 • . The contact between the ore and host itabirite can be gradational or feathery in nature, but is usually abrupt. The average grade of the high-grade ore deposits is 66% Fe, with the intermediate grade ore containing an average of 63% Fe (Dorr, 1965) . The high-grade deposits are easily differentiated from the dolomitic and quartzrich country rock by the stark density contrast. The host rocks contain average densities close to the typical 2.67 g/cc, while hematite densities range from 3 g/cc to 5 g/cc. The dense ore deposits compared to the surrounding host rock make gravity gradiometry well-suited to identifying these stark boundaries.
The survey area discussed here covers roughly 97 square kilometers of the Western part of the Quadrilátero Ferrífero, with the data covering a smaller, 20 square km area. The main survey is bounded by a thrust fault to the Northwest and a thrust fault to the Southeast. The iron formations in the survey area are localized along the Gandarela Syncline trending NortheastSouthwest through the survey area.
The iron ore formations are contained within the Minas Series and are thought to be Precambrian in age, formed 1300 million years ago (Dorr, 1969) . The Itacolomi Series lies unconformably on the Minas Series with the Minas Series unconformably overlying the Rio das Velhas Series. The area has undergone much folding and faulting due to orogeny and metamorphism, resulting in the Minas Series being present in regional synclines, with the synclines being overturned in some areas. Within the Minas Series, the Itabira Group is comprised of the Caue Itabirite and Gandarela Formations, and host the majority of the ore deposits, with the underlying Batatal Formation contributing to a lesser extent. A geologic map of the Quadrilátero Ferrífero in Figure 1 shows the main units and the location of the survey area in red.
Gravity Gradiometry Inversion Algorithm
The 3D inversion algorithm used here was developed by Li and Oldenburg (1998) 
T is the data, and G is the sensitivity matrix that describes the physics and geometry for each model cell.
The inverse solution is obtained by minimizing a total objective function with given bound constraints according to (2) where µ is a regularization parameter, ρ min is a lower bound on density, and ρ max is an upper bound on density.
The data misfit is defined as (3) where d obs is the observed data, d pre is the predicted data, and W d is a data weighting matrix.
The model objective function is defined as
where L x , L y , L z are length scales defining the relative smoothness of the resulting model in each of the directions, and ρ 0 is the reference model. The function w(z) is a weighting function of the form w(z) = (z − z 0 ) (−3/2) used to counteract the decay of the kernel function and prevent the majority of the density from occurring at shallow depths. A logarithmic barrier method utilizing the conjugate gradient technique is implemented to constrain the model to be within the user-specified bounds. The final objective function to be minimized has the form
(5) where λ is a barrier parameter and ρ min j and ρ max j are the lower and upper bounds, respectively, for the unknown density contrast ρ j . The utility of wavelet compression of the sensitivity matrix enable the algorithm to invert large-scale gradiometry data.
Gravity Gradient Data
The gravity gradient data were collected in August-September 2005. The acquired data underwent routine proprietary processing and corrections for the centripetal force and self-gradient, acceleration compensation, demodulation, and the Eotvos correction by the acquisition company. Before data delivery, the lines were leveled and filtered to attenuate noise.
The survey was acquired with 100 meter line spacing trending Northeast -Southwest at about 30 degrees from the north. We focus on a sub-area of 4 km by 5 km in this study. The semi-draped survey has flight heights ranging from 60 to 500 m above the ground. In addition to gravity gradiometry, magnetic and Lidar data were acquired. The interpretation of magnetic data will be reported separately in the future. We report the preliminary inversions of gravity gradiometry data in this paper using the T zz , T xz , and T yz components. The extracted data are shown in Figure 2 . To obtain the displayed gradient anomaly, we use the Lidar data to perform terrain correction using an estimated background density, which happens to be 2.67g/cm 3 .
SINGLE COMPONENT INVERSION
We first invert the T zz component to obtain a density contrast distribution. The cuboidal mesh used has a cell size of 25 m by 25 m by 20 m in the central region and padding cells beyond the data area and at large depth, resulting in a 158 cell by 243 cell by 65 cell model mesh. A zero reference model is used. The lower and upper bounds placed on the density contrast were 0.0 g/cc and 4.0 g/cc, respectively. These bounds were selected due to the presence of iron with densities ranging from 3.0 g/cc to 5.0 g/cc. The length scales in each direction are L E = L N = L Z = 50 m, requiring an equal amount of smoothing in each direction. With the availability of lidar data, topography is used in the inversion process.
A series of inversions using different values of regularization parameter were carried out in order to estimate the errors in the data. This was achieved by using the L-curve criterion (Hansen, 1992) . The L-curve uses the Tikhonov curve (a plot of data misfit versus the model objective function on the loglog scale) to determine the optimal regularization parameter. The corner point is considered to yield the optimal tradeoff between fitting the data and having a simple model. The corresponding data misfit is considered most consistent with the error level in the data. Once this process is complete, we have both the inverted density contrast model and an estimate of the overall data errors.
Although not shown in this abstract, comparison of the observed and predicted data indicates that the major signals in the observed data have been well reproduced. The difference map of the observed and predicted data show primarily random fluctuations, indicating the model selected through the L-curve explains the major trends in the data. The range of values seen in the difference map are an indication of the noise in the data. The standard deviation calculated from the entire difference is 15 Eo, which is reasonable when considering the various sources of noise (e.g. instrument error, pitch, yaw, and roll of the aircraft, etc.). A region of the density model from the T zz inversion is shown in Figure 3 . The density contrast demonstrates that the inversion algorithm imaged the iron ore formations within the Minas Series from single T zz gradient data alone. The recovered model identifies a series of shallow, dense bodies trending Northeast-Southwest through the survey area. These features of interest are consistent with the known iron formations localized within the Gandarela Syncline.
We next compare geologic cross sections in the area with the inverted density contrast to judge the validity of the model. The geologic cross section (Figure 4) shows the iron ore bodies dipping to the Southeast, parallel to bedding. A slice through the selected model corresponding to the geologic cross section is shown in Figure 5 . The 1400 m elevation point on the geologic section corresponds roughly to the 0 m depth position on the model slice, providing comparsion between the two sections. The inverted model indicates a dense body dipping in the direction of bedding in the same location as the ore body Figure 4 ; from 0 g/cc to 1.2 g/cc.
THREE-COMPONENT INVERSION
We next invert the three components T xz , T yz , T zz together using the same mesh to investigate the improvement that can be gained through multiple components. We choose T xz and T yz components because they intuitively complement the T zz component and are expected to improve the lateral resolution of the inverted density contrast model. We use the same reference model, lower and upper bounds, and scale lengths. The errors in the data were estimated in the same manner as above by carrying out a series of inversions. However, we also utilize the error estimate from the T zz inversion as a guide. The final noise level estimates for the T xz and T yz are respectively 17 Eo and 14 Eo.
A slice through the recovered model corresponding to the same geologic cross section is shown in Figure 6 . As with the single component T zz inversion, the model shows a similar source body dipping in the direction of known bedding. Using the black outline as a rough comparison, it can be seen that the center of the density contrast corresponding to the ore body in the geologic cross section has been shifted towards the correct position. The East-West edges of the source body are less dispersive than that of Figure 5 . As expected, including T xz and T yz components in the inversion process tightens the boundaries and location of the target source when compared to the single T zz component. As a consequence, the definition of the depth extent has also improved. Based on a similar cutoff value of 1 g/cc, the base of the density contrast anomaly is at about 1000 m, which is closer to the base indicated by the geologic cross-section. Thus, we can confidently state that the addition of T xz and T yz have improved the inversion results.
Figure 6: Slice through model using T xz , T yz , and T zz corresponding to geologic cross section of Figure 4 ; from 0 g/cc to 1.2 g/cc.
CONCLUSIONS
We have applied an inversion algorithm to a set of airborne gravity gradiometry data from the Quadrilátero Ferrífero region in the state of Minas Geris, Brazil. The algorithm is formulated as an optimization problem through Tikhonov regularization, and it can incorporate either single-or multi-component gravity gradient data to solve for a 3D distribution of density contrast. We have recovered separate density distributions by first inverting the T zz component data collected over a 20 km 2 area, and subsequently inverting three components (T zz , T xz , and T yz ) of the gravity gradient data over the same area.
When inversion results are compared to geologic sections through the area, it is seen that both the single and three component models recover the iron ore formations localized within the Gandarela Syncline. Upon detailed inspection, the study clearly demonstrates that incorporating the additional gradient components (T xz and T yz ) into the inversion significantly improves density results over single component data by better defining the dip and depth extent of these bodies. More importantly, we have shown that results from the three-component inversion have tightened the boundaries of the recovered ore bodies and shifted the center of the density contrast corresponding to the ore body towards the proper position indicated by the geologic section.
